The nonionic detergent, Pluronic L-81 (L-81) has been shown to block the transport of intestinal mucosal triacylglycerol (TG) in chylomicrons. This results in large lipid masses within the enterocyte that are greater in diameter than chylomicrons. On removal of L-81, mucosal TG is rapidly mobilized and appears in the lymph. We questioned whether the blocked TG requires partial or complete hydrolysis before its transport.
demonstrated that L-8 1 is a potent inhibitor of intestinal lipid transport (i-3). The mechanism involved is the inhibition of the formation and transport of intestinal chylomicrons (CM) but not of the smaller intestinal VLDL. Electron microscopic data suggests that L-8 1 causes an accumulation of triacylglycerol (TG) in vesiculated smooth endoplasmic reticulum and prevents the movement of lipid droplets into the Golgi complex (2) . These lipid droplets, which accumulate as a result of L-8 1, have diameters varying between 2 and 5,000 nm. As a consequence, they are 10-fold larger than CM. The Golgi apparatus appears normal in response to L-8 1, and VLDL-sized lipoproteins are seen being processed in the Golgi vacuoles. The lipoproteins present in the intercellular space of the normal animals are mostly CM, whereas only VLDL are present in the intercellular space of L-8 1-treated rats. VLDL secreted by the L-8 1-treated enterocytes thus is first processed by the Golgi apparatus before their release.
The inhibitory action of L-8 1 is both rapid (2) and reversible upon the cessation of L-8 1 infusion. This raises the question of how the lipid within the large droplets is reduced to CM-sized particles. Although there is information regarding the mobilization of accumulated TG in some organs, e.g., the liver (4), the mobilization ofthe lipid accumulated in the small intestine remains unknown. In the liver, lysosomal acid lipase has been shown to play an important role in this process (4) . This involves initial hydrolysis of the TG accumulated in the liver followed by TG resynthesis in microsomes before its transport by the hepatocytes.
The aim ofthis study was to determine ifTO, accumulated in the intestinal mucosa in response to L-81 infusion, also required hydrolysis before its transport out ofthe cells as TG in CM. To answer this question, we first loaded the intestinal cell in the presence of L-8 1 with glyceryltrioleate (TO) whose glycerol moiety was labeled with 3H and each oleoyl residue labeled with 14C. We then stopped the L-81/TO infusion and started an infusion of linoleate in an amount calculated to give the same quantity of fatty acid as was provided by the TO. Several questions could be answered during this unblocking period. First, was the labeled TG that appeared in the lymph mainly TO, or was it significantly mixed with linoleate? If it appeared as TO, then no hydrolysis was required before transport. Any admixture oflinoleate would suggest hydrolysis with reesterification with the linoleate that was flooding the intestinal cell during the unblocking period. The extent to which the linoleate was present would indicate the degree of hydrolysis of the original TO. The glyceride glycerol originally esterified to TO could be identified because ofits 3H label. Ifthe TO molecule were completely hydrolyzed, then it would be unlikely that the labeled glycerol would be reused for TG synthesis. The reasons for this have been given previously (5) and can be directly tested in this study by determining whether any glyceryl trilinoleate (TL) contains 3H.
The second question that could be answered is whether the administration of a transportable lipid would hinder the appearance ofTG stored in the intestinal cell in response to L-8 1.
74
The rate of appearance in the lymph of the stored radiolabeled TG would indicate whether the intestinal cell could mobilize this lipid with the same rapidity as when saline was used during the unblocking period. In this study it also had to process newly absorbed FFA from the lumen, which also required transport.
Methods
Animals. Male Sprague-Dawley rats (250-300 g) were fasted overnight before surgery. While under ether anesthesia, the rats main mesenteric lymph duct was cannulated with a clear vinyl tubing (0.8-mm o.d.) according to the method of Bollman et al. (6) . To prevent clotting, the lymph cannula was primed with heparin sodium solution supplied by ICN Pharmaceuticals, Inc. (Cleveland, OH). Silicone tubing (1.6-mm o.d., tipped inside with a 1.0-mm o.d. clear vinyl tubing) was introduced -2 cm down the duodenum through the fundus of the stomach. The tubing was secured in the duodenum through a transmural suture and the fundal incision was closed by a purse-string suture. After surgery, the animals were infused via the duodenal tube at a rate of 3 ml/h with a 5% dextrose saline solution (145 mM NaCI, 4 mM KCI, and 0.28 M dextrose). The animals were allowed to recover for at least 36 h in restraining cages kept in a warm chamber (-30'C) before the lipid infusion.
Experimental plan. In the main series of experiments, three groups of lymph fistula rats were used (A, B, and C). On the day of the experiment, the three groups of lymph fistula rats were infused for 8 h (3 ml/h) with a lipid emulsion containing 40 Mmol TO 8.8 ,umol of phosphatidylcholine, 57 itmol sodium taurocholate, and 0.5 mg L-81 in 3 ml of PBS. The PBS (pH 6.4) contained 6.75 mM Na2HPO4, 16.5 mM NaH2PO4, 115 mM NaCl, and 5 mM KCI. In group A, the animals were killed at the end of 8 h of this lipid infusion. The various gastrointestinal, luminal, and mucosal samples were analyzed for radioactive lipid content. In group B, after 8 h of TO plus L-8 1 infusion, the infusate was changed to a linoleate lipid emulsion containing 120 umol/h linoleate, 8.8 Amol egg phosphatidylcholine, and 57 Amol/h sodium taurocholate, which was continued at 3 ml/h for 20 additional hours. No L-8 1 was added to this infusate. In group C, the 8-h infusion of the TO plus L-8 1 lipid emulsion was followed by the infusion of a 5% dextrose saline solution as described above.
Lymph from the three groups of rats was collected hourly into precooled tubes. Lymph collected 1 h before lipid infusion was analyzed as the fasting lymph. Aliquots of lymph samples were taken for both TG determination (7) and for the counting of 3H-and 14C-radioactivity by scintillation spectrometry. For TG determination, the lipid was extracted by the method of Blankenhorn and Ahrens (8) before analysis.
In group A, rats were killed by ether anesthesia at the end of the TO plus L-81 infusion. The small intestine was removed, divided into quarters, and placed in 0.15 M NaCI at 4VC. After removing the remaining mesentery, each segment was opened longitudinally and the mucosa cleaned by rinsing with 0. 15 M NaCI and then blotted with a piece of tissue paper. The mucosa was scraped using a microscope slide. The mucosal scrapings were collected in beakers containing 5 ml of 0.15 M NaCl and homogenized with 10 strokes in a 7-ml glass (Thomas Scientific, Philadelphia, PA) and Teflon homogenizer. An aliquot ofthe homogenate was taken for lipid extraction by the method of Folch et al. (9) . A portion of the extract was taken for radioactivity determination. Another portion was separated into lipid classes by TLC using a solvent system of petroleum ether/diethyl ether/acetic acid (84:15:1, vol/vol). The spots representing the cholesteryl ester, TG, fatty acid, diacylglycerol, monoacylglycerol, and phospholipids were scraped into 20-ml scintillation vials. After addition of I ml ethanol and 9 ml toluene-based scintillant, the radioactivity was determined.
Group C was identical to group B except that the rats were infused with 5% dextrose saline solution instead ofthe linoleate emulsion. This group of rats was studied as a control for group B rats and also to ensure that the rats in this study behaved similarly to those in our previous studies (3 Further proof was obtained by the chromatography of pure standards in the case ofTL and TO, whose retention times were as predicted, and chromatographing glyceryl ['4C]trioleate (New England Nuclear, Boston, MA), in which case all the radioactivity appeared between 37 and 39 min after injection.
Samples were prepared for HPLC in the case of lymph by extracting the lymph ofits lipid content (9) , evaporating the chloroform phase under N2, and dissolving the lipids in l-propanol. The extract was treated with fluorocil to remove phospholipids (10) . Mucosal lipid extracts were first separated by TLC (I 1) to isolate the TG fraction. The TG was eluted from the silica gel thrice with 5 ml chloroform. The chloroform was evaporated under N2 and the TG dissolved in i-propanol.
To determine the distribution of radioactivity among TGs of specific acyl group composition, I 350 nmol TG was chromatographed. Collection tubes representing the entire chromatogram were evaporated to dryness using a vortex evaporator (Haake Buchler Instruments, Inc., Saddle Brook, NJ). The dried lipids were washed into scintillation vials using the scintillation medium as described previously (12) . Radioactivity was determined on a liquid scintillation analyzer (model 1500; Packard Instrument Co., Downers Grove, IL).
This instrument was programmed with quench curves for both 3H and 4C, which enabled the calculation ofdisintegrations per minute (dpm) from counts per minute for each radionuclide in the presence of the other.
To determine the fatty acid composition of TG species, the TG fractions isolated from the HPLC were evaporated under nitrogen. Methyl esters of the fatty acid were prepared by methylation with boron trifluoride-methanol (Supelco, Inc., Bellefonte, PA) in the absence of air according to the method of Morrison and Smith (13 
Results
Preliminary experiments. At the conclusion ofthe 8-h TO plus L-81 infusion, 70% of the 3H and '4C dpmr remaining in the mdcosa were found in the most proximal quarter of the intestine. The second quarter contained the remainder of the dpm that were still present. All the dpm thus were in the proximal half ofthe gut at the time ofremoval of L-8 1 from the infusate. We next wished to observe the percentage of total infused lipid remaining in the mucosa at the conclusion of the TO + L-8 i infusion. At the end of this 8-h infusion, 27±3% 3H and 31±5% 14C of the total dpm infused remained in the first quarter of the intestine; 1 1+3% 3H and 13±3% 14C dpm were in the second. The other segments had negligible amounts of radioactivity. These data are similar to those we previously reported (3). The results suggest that a significant amount of lipid remained in the mucosa as a result of L-8 1 treatment that would be available for transport during the unblocking phase of the experiment.
Next we sought to define the distribution of the radioactivity in the mucosa among different lipid classes at the conclusion of the initial 8-h infusion. These data are presented in Table I . As shown, > 90% of the dpm were present in the TG fraction. This indicates that the L-81 did not interfere with cellular resynthesis of the absorbed lipids. Note that the percentage of radioactivity in FFA was very low. This means that there would not be a reservoir of radiolabeled oleate available to be recycled into TG synthesis during the unblocking phase of the study.
As a final preliminary experiment, we wanted to ensure that the TO infused during the blocked period and the fatty acid infused during the unblocking portion of the study were both absorbed in the same section of the intestine. For this This overestimates the actual output by 3% (12) . As shown in Fig. 1 ,umol/h). These data imply that linoleate uptake and transport by the blocked enterocytes was unimpaired. It is presumed that after the supply of the monoacylglycerol derived from infused TO is exhausted (certainly after 15 h), the TG transported is synthesized using sn-3-glycerophosphate as the glyceride-glycerol precursor.
The linoleate infusion did not seem to affect the unloading pattern of the lipid accumulated in the mucosa as a result of L-8 1 treatment. Maximal unblocking was achieved 3-4 h after the termination of the L-81 infusion, agreeing with previous studies (3). The only difference between this study and the previous ones was the fact that the maximal TG output as measured by radioactivity was diminished (1-3) . This could be due to the smaller amount of lipid that was trapped in the mucosa by L-8 1 infusion in the present study (43% of the total infused lipid, based on "'C) as compared with 55% trapped in our prior work (3). Alternatively, the discrepancy could be secondary to linoleate rather than saline being infused during the unblocking period, resulting in competition for transport of the blocked TG.
Lymph H/I"C ratio. We infused TO that contained TO labeled in the oleoyl moiety with "'C and in the glyceride-glycerol with 3H. We wished to determine if one of the radionuclides was preferentially lost from the lipid that accumulated in the mucosa during the blocking period and was transported during unblocking. An elevation of this ratio would have indicated hydrolysis of the esterified oleate with replacement by a nonradioactive acyl group, presumably linoleate. As shown in L-81 inhibition, the 3H/'4C ratio decreased very slightly and was remarkably constant from the 9th to 16th h. These data indicate two possibilities. First, the TG accumulated in the intestinal mucosa is transported out of the intestinal epithelial cells without extensive hydrolysis. Second, the TG may have undergone extensive hydrolysis, but the radioactive fatty acid released is in a restricted pool that was not diluted by the nonradioactive linoleate infused during the reversal of L-81 inhibition. This oleate was then used preferentially for reesterification. Although the former explanation is more likely, we cannot rule out the latter possibility.
Recoveries of '#C and 3H radioactivity. The recovery of total "'C and 3H radioactive lipid in lymph was 69±5 and 63±9%, respectively. These data are similar to our previous observations in which the radioactive lipid recovered from the lymph, lumen, and mucosa at the end of 8 h of triolein plus L-81 infusion was totaled (1, 14) . These data thus strongly support the fact that the inhibition of lipid transport by L-8 1 was a specific and reversible process. Further, the addition of linoleate during reversal did not alter the delivery of blocked lipid into the lymph.
Separation of lymph TG on HPLC. To evaluate the acyl group composition of the lymph TG and the distribution of radionuclides among them, lymph TG species were separated by HPLC. A representative HPLC trace oflymph TG is shown in Fig. 3 . The chromatographed lipid was collected during the peak output ofTG after removal ofthe L-8 1. The figure shows that the TG transported during this period may be resolved into three major and several minor peaks based upon the acyl group composition of the TG. The TO peak is not as great as its mass would suggest (see below), which is probably due to the wavelength used to monitor the column output (210 mm). This was optimized for TL and not TO whose absorption maximum is > 228 nm. The major peaks, 1-3, are, respectively, TL; glyceryl dilinoleate-monooleate; and glyceryl monolinoleate, dioleate. The minor peak, 4, is TO. Substantiation of these identifications was performed by chromatographing pure standards and by analyzing the fatty acid composition of the isolated fractions by GLC.
As a first approach to identification of the peaks, we chromatographed pure TL and TO. These had retention times consistent with peak 1 and 4, respectively. It was thought that peaks 2 and 3 represented admixtures of the two TGs. Proof of these supposed structures was sought by determining the acyl group composition of each peak by GLC analysis. The results are shown in Table II . As shown, peak 1 was predominantly TL; peak 2, TG whose acyl group composition was one oleate and two linoleate molecules; peak 3, TG whose acyl group composition was two oleates and one linoleate; whereas peak 4 consisted mainly of TO. Our previous suppositions thus were confirmed.
To determine the percentage of radioactive TG applied to the column that was recovered during the HPLC procedure, known amounts of dpm (mucosal TG) were injected and samples from the column collected every 2 min for 46 min. 75% of the 3H and 77% of the 14C dpm chromatographed were collected. These data indicate good recovery of the dpm injected. Since we could adequately separate TGs containing each ofthe expected major acyl group combinations and recover the majority of the lipid applied, we were in a position to observe if the mucosal TG species that accumulated in the blocked state had an altered acyl group composition when it appeared in the lymph during unblocking.
To make these observations, it was first important to know the acyl group composition of the labeled TG residing in the mucosa at the time of unblocking. Analysis of the TG extracted from the mucosa of the proximal half of the intestine at the conclusion of the blocking period demonstrated that 90±7% of the 3H and 95±7% of the 14C dpm had a retention time consistent with TO. Thus, at the onset of unblocking most dpm were in TO and therefore alterations in the distribution ofthe dpm in various TG species would indicate partial or complete hydrolysis of the TO molecule.
To examine the question ofalteration in the distribution of acyl groups during unblocking, we elected to examine lymph TG at four different time points during the experiment. The first time point selected was during the blocking phase; the second, during the initial period of unblocking; the third, at the height of TG output during unblocking; and the fourth, Table III .
'The small amount of dpm available for determining the ratio makes this value questionable. ** P < 0.01 than TG containing one more linoleate.
tt Mucosal 3H/'4C ratio at 8 h of infusion was the same as in lymph at 6 h, 8.3±0.2. H P < 0.02 than TG containing one more linoleate.
ratio in mucosal TO is reduced as compared with that of the infusate, indicating a small partial loss of glyceride glycerol with reacylation of nonradioactive glycerol with marked oleate. In lymph TO this trend became more marked as the duration of the experiment increased. Even at the last observation period, however, the ratio was only reduced 14% compared with the mucosa and 29% compared with the original infusate.
As the oleate in TO becomes replaced with unmarked linoleate and with conservation of the glyceride-glycerol, the 3H/'4C ratio would be expected to rise. As demonstrated in Table IV , the ratio increased with each substitution. With the first acyl group exchange, the ratio increased an average of24% and with the second, 56%. This is close to the 33 and 66% increment that would have been expected to occur as an oleate was serially replaced with linoleate. The closeness of fit of the observed to the expected ratios substantiates the acyl group composition of the TGs at the indicated retention times. The data from LOL at the 6th h of infusion are not included in these considerations because the small number of dpm available made this result questionable.
Finally, we wished to repeat the observations made in Fig.  1 and Tables III and IV in rats who received only saline during the unblocking period rather than linoleate (group C rats). Data to these points are presented in Fig. 4 and Table V. As can be seen in Fig. 4 , there was a prompt rise in TG output into the lymph upon relief of the inhibition whose time course was similar to that obtained in Fig. 1 . As expected, however, after peak output was reached, there was a progressive fall in lymph TG delivery to very low levels because no additional lipid was given intraduodenally. The lipid that was delivered to the lymph was predominantly TO (Table V) and remained so throughout the observation period. This contrasts with the progressive fall over time in the percentage of TG made up by TO in the linoleate-infused rats (Table III) . The remainder of the radioactivity was found in TGs whose retention times were less than TO. The specific acyl group components of these various TGs were undetermined and therefore compositional percentage data are not presented. It would also be expected that the TO delivered into the lymph in group C rats would have a 3H/'4C ratio that was similar to that described in Table IV . Data to this point are shown in Table V , which demonstrates the constancy of the 3H/'4C ratio ofTO during the entire experiment, as was seen in the group B rats. The ratios of the TGs whose retention times were less than TO had ratios that varied from 7.1 to 12. These data are not included in the table because the acyl group composition of the TGs is unknown. An additional complicating factor is the comparatively low number of dpm in these fast eluting TGs, which may have yielded spurious data.
Discussion
The nonionic detergent, L-8 1, has been shown to effectively inhibit intestinal CM transport while simultaneously leaving intestinal VLDL transport undisturbed (15) . The ability to determine the quantity of TG transported with each acyl group composition of relevance. This revealed that half of the lipid transported into the lymph did not require hydrolysis before its egress from the enterocyte, 40% was transported after the exchange of one acyl group, and only 10% had two acyl groups that were exchanged.
These data are clearly different from similar observations in liver. In this organ, stored TG is extensively hydrolyzed and then reesterified to TG before its transport out of the hepatocyte (4). This step is blocked by chloroquine, which would suggest that the hydrolytic function is performed by lysosomal acid lipase (17) . This enzyme is also present in intestinal mucosa (18) and has recently been shown to play a role in normal lipid absorption (7) . In the intestine, however, chloroquine administration and thus, by inference, acid lipase did not cause a major accumulation of lipid in the mucosa and did not affect the TG mass able to be transported into the lymph. Its major role appeared to be to block the transport of TG synthesized from sn-3-glycerophosphate. This difference between intestine and liver in response to chloroquine might be explained on the grounds ofthe enzyme complement ofboth organs. The adult liver is only able to synthesize TG from glycerophosphate, whereas the intestine may use both this glyceride-glycerol precursor and monoacylglycerol. As applied here, the intestine's ability to synthesize TG from monoacylglycerol resulted in the capture of monoolein for lymphatic TG transport as monooleoyl, dilinoleoyl TG. We have postulated previously that the TG synthesized from monoacylglycerol is considerably more likely to be transported in CM than is the TG derived from glycerophosphate (5) .
Another property of intestinal lipid metabolism that was confirmed by the present study is the rapid and efficient processing of lipids that are to be transported as CM TG. Our previous work has shown that it only takes 14 min for TG to appear in the lymph after its infusion into the lumen (19, 20) and that the fractional turnover rate of the CM TG precursor pool is very fast compared with TG in liver (1 1, 12) . As shown here, the TG, blocked from transport by L-8 1, appears rapidly in the lymph even though the mucosa is being asked to transport TG synthesized from another FFA at the time the L-8 1 is removed from the infusion. The maximal output rate of blocked lipid reached on relief of the inhibition was less than the output rate when only saline was given during unblocking, as we previously demonstrated (3) or as shown here (group C rats, Fig. 4 ). This modest reduction in output could have been due to the reduced amount of lipid stored in the mucosa during blockade in the present study as compared with that performed previously (3) or to a true competition for transport between the TG blocked from transport by the L-8 1 and the linoleate infused during the unblocking part ofthe experiment. The present data do not allow us to distinguish between these possibilities. In this context, note that the rat can transport up to 100-110 ,umol TG/h in the lymph under ideal conditions (1 1) . This is twice the rate reached at peak output after release of the L-81 blockade.
Note that the radiolabeled oleate does not appear in TGs whose acyl group composition is anything other than oleate and linoleate in the group B rats. Therefore, what happens to the 20% of the oleate that is hydrolyzed from the mucosal TO before transport? One possibility is that the oleate is transported out of the cell as FFA rather than as TG. This possibility has not been documented here but has been shown to occur under other circumstances (21, 22) . Another possibility that cannot be excluded is that the oleate is reesterified to partial glycerides. This appears unlikely, however. For the second possibility to occur, the oleate, released during the hydrolytic process, would have to remain close to the partial glyceride from which it came. If the oleate was not nearby, a linoleate, flooding the system at this time, would be far more likely than the oleate to be used in reacylation because the hydrolytic step is likely to be at some distance from the microsomes (23), the site of reacylation.
One of the key questions that we wished to address was the extent to which the TO molecule, blocked in its exit from the enterocyte by the L-8 1, was hydrolyzed before its eventual transport as CM TG. This can be answered by calculating the quantity of radiolabeled TG (glyceride glycerol) whose acyl groups are composed solely or partially of oleate. Data to this point demonstrate that 80% ofthe oleoyl groups from mucosal TO were transported esterified to [3H]glyceride-glycerol. Only 20% ofthe acyl groups thus were hydrolyzed in preparation for transport as CM TG. This remarkably small amount ofhydrolysis suggests that the predominant feature of the TG transported from the blocked TG pool is in direct association with the nascent CM during the unblocking stage. This is in direct contrast to the situation in liver and points out another dissimilarity in lipid metabolism between the two organs.
It is unknown if the findings of this study are applicable to those seen under normal lipid absorptive conditions. Certainly large lipid droplets are seen (16) , much larger than would be expected for CM. These are clearly transported in some manner and thus must undergo a breakdown process. Evaluation of whether the same degree of hydrolysis of this TG occurs under normal circumstances would be hampered by the fact that CM formation and transport would occur concurrently with the transport of the lipid from the large droplets. This problem is avoided here because CM secretion is blocked until the L-8 1 administration is stopped.
